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£BRSIRACT

The Fatry-Perot interferometer with miea cleavages as the
gpacer, as described in the last report, is completely investigaﬁed‘
in this report. The propeitieé of mica seem to render it imprac-
tical for the usage onviséged, namely, the variability from sample to
sample in birefringencs, the moasiwit‘,yvof cleaving to a prescribed
thicknesa, and its absorption.

An ADP birefringent polarization filter, & unique type of
tmable ﬁ.lter, ic described and az\alyzed eompletely in this report
It is found that it 1a suitsble for only mederate accuracy 1aptopi-c-
analysis, Part of iis difficulty arises from the fine structure of
Bd\ and Dol , &nd this offect is analyzed. The other .diffi‘cultiea
are the high tolerances required in flatness of plates and in temper-
ature ocontrol,

1,
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I.- Joireduction ‘
The work under this conliract for the preceding nine months
has been chiefly devoted to an investigation of tunable filter methods
for isotopic analysis using atomie line spectr®-chemical methods. For

. .1lipes which have separations which are readily attained by the msclvtion

of grating or prism spectrographe, standard spectrochemica) techniques
long in use in the metals industries and in other fields are directly

-adaptable, elther using photographic plate~densitometer methods, or the

more recent direct reading photomultiplier techniques,
There are two reasons i:hy it might be of considerable sclen~
tific interest and technical importence to search for other dispersing
mesns then a spectrogreph. First, isotope shifis of ;pectrai lines
are in gneral very s'mali, and only a very few are lsrge enough to s;parate
with any but the very largest grating spectrographs, The Fabry-Perot
interferometer has lt;ng attained reputation and usefulness ac the
instrument par excellencs for h;lgh resolution work, Seéondly, even for
a situation such as hydrogen-deuterium vhere the'usual’ sized grating
{nstrument is quite aedequate in resolution, there is a posezibility that
much more compact, simple and inexpensive instrumenis eon be designed
by using some. sort of interferometric technigue to replace large grating
apeqfrogmpha, | ‘ |
This c&ntract in its inception some years ago was concernsd
with the dévelopment of 'tunable narrow band optical filters, Oonside |
erable experience has beem had with both the standard Fabry-Perot intere
ferometric techniques, and also with the less well known birefringent
polarisation interference filter. ‘

%
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It seemed natural to attempt to adapt some of these new optical

techniques to the difficult and important problem of isotopic analysis,

Our last technical report, dated December 1, 1952, discussed
the problem of hydrogen-deuterium anslysis as an example of s general
npe.ctrochemlcal analysls problem in which there were only two lines whose
intensity ratio was desired. '

A particularly simple method for obtaining an accurate intensity
ratio measuring instrument was described, by Mr. S. J. Sage, which in the |
following wiil be called the "Sege polarizafion meathod"., This systen
consists of some vériety of polarizing optical system, containing a ro-'
tating polarizer and an A.C. vacuun tube voltmeter mull detector.

In iﬁat .repor'l:. a Fabry-Perot interf_erorheter with a mica spacar
layer used in conjunction with polarizers was suggested as ‘one means ‘of
polarizing H and D 1ight at right angles to each other so that the method
could be aprlied,

During the past six months considereble experimental work has
been performed looking toward the manufacture of the mica Fabry-Perot.
Further, several other devices for producing the desired polarization
effect in H-H light have been conceivad; analyzed in some detall, and
the experimental difficulties investigated, This report summarizes all
that work which was done on this contract, in the period since the .
last report. |
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If a polarization device could be invented which presented
these two spectrum lines, called H and D (after hydrogren and deuterium),
ﬁ two states polarized at right angles to each other, then with a
polariger and a light detector or photocell, one could measure the
intensities in each state of polarization and take the ratio.

Where there are considerable fluctuations in the light source,

it might be desirable to spin a rotating polarizer which would then gen-
erate an A,C, signal in the photocell:

I=Hcos? wtD sin? wi

= n + 2 + n - 2 OOQM

2 2 (1)

Then if oha could simultaneously messure the A.C. amplitude and the mean
D.C. level, the relative intensities are easily obtained.

Ho T+ Iy ‘ (2)
D& Iy = I, (3

This first method requires a pair of accurate instruments to
read the A.C. and D,C., amplitudes, A second method was conceived which

requires a polerizer mounted on an accurately cclibrated circle, with the

only electronic equipment needed being an A,C, mull detector, This gen-
eral method was described in detail in the last report, and extensive ex-

perimental tesis were deseribed which were aimed at determining the limits

of accuracy of such a method.
| Briofly, in all the modifications of this method, the inten-

be



' sity of the light incident on the photocell is made to follow the

relation

I=Dcos®@ cos ot + H #in® © sin et (4)

(equation (1) of the last report), where H and D are the intensities of
the two light beams to be analyser, @ is the angle of the calibrat_od
polarizer and wt is the angle of the rotating polarizer.
If now the calibrated polerizer is turned to such an angle
that
| D cos®d, = H sinO, (5)

then, because cos® mt + sin? @b = 1, the photocsll current has no

Q'o i3 rezd

A.C. component, and a null balance is obtained. The angle
from the calibrated circle and the intensity ratio is immediately found
frem

D/H = W‘?go ' ‘(6)

The accuracy of the method is limited by the accuracy with
which the calibrated circle can be set and read, and by the accuracy with

© which the mull detector can locate the bslamce, If <28, is the error

in setting or reading the circls due to some opticel or mechanical diffe
lculty, and “Ipc is the minimum detectible departure from balance whiech
the null detector can observe (or the noise level from some electroniec

sourcs) , ‘the corresponding relative errors in the D/, deterimination are

4 0fg) . 1 © g tan®y) 4 o
"""E/'f""' ten? d 6, ( é) o
= 4 (cme 2 65) A9, | o

A D | v
/;H = b (GSG 2 eo) . A IAQ
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IIl, Rotation of Quarts _

The rotation of the plane of polarization by z-cut crystal-
line quartz immediately suggests itzelf as the most straightforward
means of produeing the differential rotation of the H and D linss
for analysis by the Sage method, A study of the numerical proper-
tiea of quartz in this application, however, shows that the path
len;'th 1s quite impractical. |

The spesoific rotation of quartz at Hy, is listed by the
Chenfical Rubber Company "Handbaok of Physics" as 17,318 degrees per
m]liveter., With varying wavelength the rotation R of quartz follows

an e nation of' the type

whers K is a constsnt, Therefore for a snall separation between two

lines , A\, the changs in rotation is

R Ca)
ARp2 A D) = -2R 2 (20)
For ihe: desirved application we.must have AK— 90 degrees, For Hy - Dy,
- p .‘-—L—n ) ’
Ao |

so ‘cha';‘; we require a quartz plate of rotation 90 x 1840 = 165,600 degrees,
Thims i; 1 9.55 meters of quartz. Since the supply of quartz is already dan-
gerous.i; .y scarce, it was thought best to discontinue consideration & this
poasit;éility.

6.
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The excellent results reported previously on the accuracy
of the Sage null detector for determining the ratio of two Hght beams
polarizad at right engles were very encouraging, so experiments w'ero~
undertaken to develop an isotope comparator based on this method.
The comparative simplicity of the spestra of hydrogen and deuterium,
avallability of somes samples and sources, and the general usefulness
of H-D analysis wers controlling reasons for choosing this pair of
isotopes for the first practical expsriments.

The Fatry-Perot intsrferometer with spacer layer of mica,
as previously discussed, secemed to be ons of the simplest possible
dov:lm for producing the light pglarisation. Mica is a birefringeat
nmaterial which claaves readily and thus avoids the problem of laborious
and expensive polishing of optical surfaces. Cleavage plates of mioa
were then coated in an evaporator with both silver and multilayer diele
ectric reflactive layers on both sides, The silvered plates were not
usable, for when the sbsorption of the silver layers was added to ths
natural absorption in the mica, the peak transmission in theFabry-Perot
fringes was inadequate, The multileyer technique proved more successful,
in this regard, s 1;:ye_rs of high reflectivity with almost no absorption

¢can be made by this method,

Since mica §s d birefringent material, when it is used as the

spacer layer in a Fabry-Perot interferomster, there will be two independent

sets of“ approximately cireular :ringoq, one for each refractive index,
These are polarized at right angles to each other, They have been diaiinn’d

by Prund and by Billings®,

1. A, H, Pfund, J. Gpte Soc. Am., 32, 383 (1942)
2, B, H, Billings, J. Opt. Soc. Am., 34 267 (1944)
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The two fringe mets do not have exactly the same contours, and
there are places in the angular field of the crystal v;hare the Tealms co-
incide and other places where they are out of step. With light of two
wavelengthe incident, such as H end D. there are then four sets of fringes.
One would like to choose thickness, birefringence, or the angle of views
ing so that at the point in the angular field selected by the slit of
the optical system the H pesk of one index fringe coincides with the
D peak of the other index fringe, By taking wide angle photographs through

~ the mica Fabry-Perot with a polarizer, first slong one crystél axis, then

along the other, then without polarizer, it is relatively easy to determine
where this superposition of fringes occurs, \ .

During the course of experiments with both silve;r and mlti-
layered mica plates some 20 plates were mads, Figure 1 shows six
typiecal plates. The top three have multilayer reerctivg coatings, and
the btottom thres have silver, _Of these one was found to be considerably
better thaq the otherg, and most of the photographs were taken with thils
one, In Figure 2 is sketched the layout of equipment for teking these

‘photographs. Figure 3 shows some of the typical photographs takem, No

pclarigers were used, so both sets Qf fringes are shown, The two strong
fringea of Healpha come from the ordinary and extraordinary rays. The
v;caker‘ D-alpha fringeé can be observed in the lamps conteining Do, and there-
are places vhere the ordinary H fringe coincides with the extraordinary
D fringe., Rgure 4 is a photograph of ine equiptent ske'?:chcd in Figure 2,
The difﬁ.qultiea in taking such plates were very great because
of the randon characteristics of the .two refractive indices of mica.
Each mica plate examined showed a‘different‘ set of refractive ind‘Qx velues,
In addition, for any given mica plate, although the proper thickness might
be computed, it was :l.mpossibli to obtai;x this thickness sinos the cleavage
of mica is again a random ﬁroms. A laborious proosdure of constructing

»
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NATURAL Hz LAMP ABOUT 95% Hz , 5% D

ABOUT 70% He , 30% D2 .

FIGURE 3. FABRY-PEROT INTERFERENCE FRINGES
FROM MICA COATED WITH MULTILAYER REFLECTORS.
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:
and examining mica interferometers made from random samples was undertaken
to determine the frequency of sultable samples in the necessarily random
group that must be used, After examination of some twenty samples only

“one with any possibility of usefulness was found, and even for this one,

the complete separation of the radiation from the two isotopes could not
be obtained, - _ |

In addition to the difficulty of predicting the birefringence
or the thickness of a cleaved mica plate,” mica suffers from absorption
of light throughout the visibloo The color or absorption versus wave~
length of mica varioé eonlsidorably from sample to sample, In a Fabry-
Perot interforometer absorption in the spacer layer is a much more dise

‘couraging phenomenon than ebsorption in the reflection layer, Absorp-

tion in the reflection layer only decreases the overall transmission of

tﬁo :interferomom without affecting at all the fringe sharpness and shape.
Absorption in the spacer layer, on the other hend, reduces ths "viaibﬂity“
& contrast of the fringes, hence the resclution. It was for ‘this reascn
that even the sample with perfedt superpcsition of fringe peaks was

unable to cbtain sufficlent dia‘r;r:lmination from the other wavelengths lying
one-half fringe order aﬁay. The subject off the contrast of the Fabry-Perot
will be ﬁ'eated in more detail later vhen we return to interferometers with

air and quartz spacers, which are quite transparent,
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V;  Exeripento with Birefringest ADP Flates

The roauli;a of the mica investigation made it apparent that
new technique would be required to resolve H and D in a polarization apper-
atus with sufficient discrimination to make a useful analyzer.

ﬁut experience at Baird Associates, Ine, has demonstrated that
polarization interference platés can bs constructed of ADP to tolerances of
five mililonths inch or better. An inalysis was undertaken to deternine
whether a suitable polarisation interferferometér might be constructed
uaing thess Dletes, |

ADP is a purely birsiringent umliaxial erystal, that is, it
has no circular birefringenoe » does not rotate the plano of polarigzation,
However, there 1s a theorem in polarization optics, most explicitly
stated by Jmms,,,3 that an effective optical rotator‘ can be constructed
from a combination of birefringent retardetion plates. The methsmatics
for treating combinations of retardation plates can be handled in numerous
wayS, involves mostly trigc*zmm tric ldentities. One of the most eonvanient
standsrdized procsdures is to use the "generalized intensity formulas" of
Heu, Richartz, and Liang* for the intensity transmitted by conbinations of
retardation plates between polarizers, After considering a number of
systenms be;sod on this general principle, the following systentvolved as the
one most simply constructed,

3, R, Clark Jones, J, Opt. Soc, Am., 31, 500 (1941).

‘. J. wto Socc Am.’ 37. ” (1947)0



thickness of R such that

Baird Asscciates, Inc, 1.,

| ﬁ Oo 450 Oo
X ) ‘ ) ' X
SOURCE

Psrizer M R M PoLARIZER  DETECTOR
M is & quarter-wave retardation plate of mica, R is a thick retarda-
tion plate for which ADP, calcite and quarts will eventuslly be consid-
ered, | The angles written at the top are the azimuths of tha polarizers -
and wave plates measured from mme convenient referencs azi.u_mth. By
means of the Hsu, et al, method it can readily be shown that the trans-
mission of such a system is given by .

T= cos® (5465 -Pa) (12)

where 6 is one-half the phase retardation of the thick plate R, If n |
16 the thickness in weves, Jf>Tn-, Now it is necessary to choose the

50“'5:%-"% =70 " (13)
for then the system has the same tranemission as the rotatory quartg
_aysten discussed previously, - This is what is meant by the "rotation
oqﬁivalanoo" theorem. For equation (125 is elso the equation for the
'Waaion of a rotator of angle ¥ between polarigzers at angles 4 Q..

The experiments were performed with a system representing
essentially two of the above systems in series, This is done in order
to make use of the calilrated polariger-mull belance method, With two
"equivalence rotators™ in ﬁoriea,, the first system rotetes the H and D
light until it is orthogonal, The middle pola?izer is oriented somevhere
between these two orthogonal direétiona of polarization of H and D at an
angle which attenuates the strongsr components till it matches the
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weaker, The final polariger acans between H and D at the rotation fre-
quenoy of the rotor, The final system as thus derived looks like the
following, An additional refinement has been added in the form of an
angular field widening system in which the thick plate R s cut in helf,

the two halves rotated by 90 degrees and a half-wave plate inserted be-

tween then,
.:wt P
R6TATING o 0 ° v . LA > .
| O #5045 Lyep ¥ 0% Q7 cALiBRATED
L — : . DETECTUR
suge Por. MR M R pou RMRM o)
2 A 22 22
7 2 5 71
| Bigure 5
The treansmission of this system is given by
T = cot? (X-0) cos® (¢ -pPa) (14)

This system requires four identieal thick retardation platoi
R/2., The condition (13) deternines the necessary thickness of birefringent
crystal from the polarizatien interference equation

- Oz et (15)
where 4 18 the birefringence, A the wavelength, and T the thickness
of the crystal plate,

-

5, Described by Evans, J. Opt. Soe. Am,, 39, 229 (1949)
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Bo Ae (26)
LAY 16 to be /2, Pg= 36807, = = 18/0 waven. Sinos s = 0445,
the thickness Z= for ADP is about 2,71 in, Four i;dent:lcal plates of
half this thickness are required for the field widened system.

A nunber of such plates were available at Baird Associates, Inec.

in connection with the work on the solar Hol polarization interference
filter, ‘These are listed in stock according to waves retardation at Ry,

. By superposing a ;l‘ew of the stock thickness it was poasi‘bic to ob;hain
plates sufficlently close to the required value of 920 waves.

The initial experiments consisted of setting up the polarization
filter ds described above in a collimated light beam. The source was an’
H-tube type Gelssler discharge containing both H and‘D gases, A red glass
filter va.s suitable to imolate the Ho{ and DX lines at the entrance to
the polarization apparatus, The output was picked up by a i:ihotomntiplier
tube and displated on a cathode ray oscilloscope. The spinning polarizer
was rotated at €0 cps. It was very difficult to obtain any satisfactory
results from this arrangexfnent since the 120 cycle rectifiedv output of Geiss-
.ler discharge caused sufficient noise in the output to obscure the ai@alo
A sourcs chenge was made to & 2450 Mcps microwave exciter and an electroda~
less lamp containing both H and D,

Experiments using this source demonatrated that it too contained.
120 cyele modulation which soms simple additional filtering of the magnetron
power supply was unable to eliminate. An attempt was made to use a
General Radio narrow band tuned amplifier and a variable speed motor oa the
rotating polarizer to eliminate the source modulation effect, but sines
an A,C, null was to be the criterion of match, even the low resultant soﬁroo

. modulation was found to destroy the sensitivity, Further experimentation
. into the eonstruetion 'ef- a regilated D.C, operated source was undertaken
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and the interferometer was in the meantime modified to permit wvisual
observation so that source modulations would have no effact. = For this
purpose the rotating polarigzer was replaced by a split field analyzer

(two polaroids mounted at exactly 90 degress to each cther and each cow
u-ing sbout half the field), By this technique the extreme values of the
intensity observed by the rotating polarizer could be compared, and the
A.C, full setting would be replaced by a matched field setting,

This matched field setting is obteined by rotating [ from
the position of meximm field differenos through en angle 9, to minimm
field difference, 1.8,, matched fields, The relative concentrations
for H, D are simply formod for the ideal case by the relationship

- Op = sin? -
CH ten & whemes % e (17)

Since the settings are dstermined by comparing the two.fields

of the split polarizer, it was considered important the axes of the split

polariger be exactly 90° apart, After extremsly careful cutting and mounting

polarizing sheet (Polarcid HN36), a split polarizer was built with axes ro -
tated by 89.3% Sinos no closer accuracy could be obtained, the polarizer
was used in the following experiments since further amlysis mathematically

- shoed that mo vardation in @ might be expected from this Mm '

L = Iy etn® 6p
La Iy oA o502+ Iysin’A sino,  (18)
vhere JII,. 12 are the intenaj.u.'g_f‘obsernd in the two halves or‘ the rie].d’o
The maximunm difference occurs for @, = 0, the matched field occurs for
IB uinz 9, (1-.in2A ) - IAeou2 o, poa% =0 o ‘ o {19)
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For this case, it is obvious that while the sensitivity may

‘be slightly varied, the value of O, that satisfies tiis condition is
independent of A , the deviation from orflugonality betwean the split

field polarizer axes, _

For these experiments the mtorfcromur was set up as
before except that the spinning polarizer was replaced.by the split '
field polariser and the photo tube by an eyspiecs, -

" There ensued a period of experimentation which was composed
almost completely of attempts to remove the variations from the ideal case
vhich mst be encountered in practics, The problems encauntered included
variations in retardation because of the high sensitivity of ADP to tem-
perature, small veriations of the retardatidn:piates in agimith or incident
angle which réduced the effectiveness of the assembly. Mgular field
limitations proved extremely troublesoms as nllﬁag;méi;ipiawéﬂeétig&abu
tween elements,

Each of these prc'bloml necessarily caused an increau in sophistica-
ted apparatus to solve it, - The reflection and temperature changs were re-
duced by immersing the unit in a temperature controlled oil bath. The
angular field limitation problem was resolved by using, 1g‘stead of a
single thick ADP plate of retardation 7, two plates each having a retarda-
tion Y1 /2, These plates, when adjusted ai iniFigure 5, will have &
retardstion A and an angular field sbout eight times greater than the
single ADP plate, |

Despite all these prceautiona the sensitivity. obtained was

»

still rather poor, primarily becauae it was 1mpoas:lb1¢ to produoe oom-
pleté extinction in either field at any tine,



: Baird Acsoclates, Inc, 16,
t} The lack of extinction could have been caused by one of

| f two offccts. First, poor extinction might be caused by small taria-
| | tions in retardation due to small temperaturs or thlclness variation
| effects, or secondly, it might be because each isotope produced not
pure mcnochromatic radiation, but rather a fine structure spectrum
which could be resolved into two lines with about 1/15 the separation
between the Hok and DoA, | |

To ascertain accurately which of these conditions applied,
1t was decided to examins each seperately, Therefore, the source
wes changed to a discharge lamp containing only Hgl98, an isotope
having extremsly monochromatic radiation at 5461 %, |

The entire apparatus was rebuilt to permit the use..of
this wavelength, and after extsnsive and careful experimentation it:was

@ determined that £h0 extinction qualities of the interferometer using
this wavelength were better but still far from ideal.

A simple analysis showed that the presence of two wavelavgths
for each isotops might have an extensive effect on sensitivity for low
ccncentrations, |

This effect scemad large emough so that a complete mathematifal
analysis of .the sensitivity variations as a function of multiple wavelengths,
temperature and thickness varistion was undertaken, \

. e e A A
.o ~. - .- e s S e

F,i‘gt'n'es 6 . e 10 show photographs of the apparatus as finelly
assembled in conjunction with its oil bath. Hgure 6 .shows a view of
{‘ | - the front end of the oll bath, Figure 7 shows the calibrated polarizer
and eyepiece for visusl viewing during alignment of the plates, Hgure 8
@A, shows the rotating polariger, lens and mount for the 1P22 photomultiplier
B detector. Mgure 9 shows the calibrated polarizers and some of the set of
ADP and mica plates used in assembling the system, Figure 10 shows soms
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ADP INTERFEROMETER.
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FIGURE 7.
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FIGHURF 9 .

ADP . MICA PLATES AND CALIBRATED

POLARIZERS.
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O

of the H-) lamps used, two electrodeless, and one with electrodes for
a cold cethode Geissler typs discharge.
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O VI. The Effect of the Pine Struoture of Ho\ end B

It was apperant th;at there was a consideraple problem in
kesping the temperature of the ADP constant and uniform enough to mak;
reproducible readings, Even when the temperature was allowsd to reach
equilibrium and held pretty close, there sill appeared to be some dis-
| crepancy between the angular location of the visible minime and their
; .‘ . sharpness which was greater than the temperature effgct.' '.I'zerefbre e
search was made for other points in the théory of the device Ih;lch might
have been neglected.

One of these points was the natural fine structure of the
H7{ line, H-A and Dyj are separated by about 1.8 angstroms tut wien
) one investigates these lines at high resolution, it is found that each
i oonsists of seven components. The effect of this stnicture on the
. polarization H-D analyzer has been ‘exactly caleulated, In addition to
; - this natural structure, &ll components are, of course, broadensd in any
| practical source by the Doppler Effect, and possibly other source broad-

¢
i

. ening oﬁ'ec;ts. The elementgry theory of the device considered only two

._ monochromatic lines, Hy and Da. A1l of these effects which broaden
the 1ine have the same general effect on the method, vhiek-er.will:be shown, is
to make fhe method insensitive below a smell limiting valus of the . '

ratio D/M,

R e

‘ The ﬁrs£ step was to determine from the literature the ac-
tual structure of thellines, This was done for both Hy and HyS .
411 that ia required for this information is the reference work "Atomie
Energy Levels" (Oharlott‘o E.,-H'oorc, Circular of the NBS, #467, Vol. I, 1949).

/
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The lines under consideration arise from the following atomie

transitions:

Hdi 3s( b‘ii)_., 2P ( P?ajz‘/‘) )’ 3&(2[)% %)“93P

Hﬂ $ same with 4s, 4,,, and 44 as initial states,

~ The energy levels for these transitions are indicated on Figure 1l. Whon

the selection rules are introduced, there are seven permissible t:ranaitiona
for ach line, these being indicated on the figure by diagonal lines,

From the energy level values given in moore'.s work, it was possi-
ble to derive Table I, showing the vacuum wave number (@ and wavelength
(A), of the seven componcnts of Ho! and the air wave number and wave-

" length, Table II shows the same for deuterium, Table III for tritium.

Table IV lists for H and D the vacuun wave numbers measured from the

Hecomroment of lowast wave numeber, and also the relative intensities.

" The conversion fronm air to vacuum was made by means of Edlen"6

- latest figures,.

| . | .
(n-1) 20° = 6432.8 + 2949810(U6-6D) " + 2550(41- ¢ 3L ()

' 6 = vacuum wave mumeber in,a/'l =1, 5233/4"1

7 = refractive index of dry air at 760 mm and 15° €23)
= o 3 = 1
A vac Gome | Aair & air

-l\ah;'f*—»mc; Jair-6“°

.
ror Ho 2 v = 1,000,276,235
1%‘ 00%9,723’&1

6. Je opt. Soc. Aﬂ.. 43. 339 (1953)0

19,



n

n

d

P £ 342
‘306 (H
4 % 1208 (H)
97492.198cm™

N\&

n
W
»j-

N

9.272
a.542 ()

=9 §2258.907 cm™

Hg has similar structvre with vpper leve/
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Order of Lowest Wave Number or Highest Wavelength

Igble l.

Hyperfine Structure of Hydrogen Alpha in

" Vacuum . - Vacuun
zmm% JHaye Numbep Havelength
S /;»‘Py,_ 15232,9359 6564072269
D 7{99’7 z?/:'. 15233,0241 -68037
2o
lez") P 3/ 2 15233,0702 066481
-'lP .pS . .
Yo" I 15233,2556 -58492
29, QP °
[ T2 15233.3000 -56535
2 ‘PO ] S‘
13— /2. 15233,3638 +53829
S DY )by
Dy—> 1/ 2 152333902 .52303

19=-A

Air Alr
Fave Nugber Havelength
15237,14377 6562,90978
15237,24200 6562,86747
15237,27811 6562,85192
15237.46356 6562, 77205
15237.50897  6562,75249
15237.570179  6562,72543
15237, 60720 6562,71018
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Iragsition
.7:. "QP 22;2.
D3P,
D b= 2)%71
-5,

”

S‘; ")Po/a. \

28}’: -3 g
‘:D;/z'— )PI/OJ_

Isble II,

Deuterium Alpha
Vacuum Vacuum

Vave Number  Wavelenzth
15237,0808 6562.93691
15237.1790 6562, 8946101
15237,2151 -6562, 87906
15237,4006 6562,79916
15237.4460 6562, 77961
15237,5088 6562,75256
15237.5442 6562,73732

Aip
Wave Nunbor
152/41,28981
15241, 38804
15241,42415
15241.60970
15241,65511
15241,71793
15241,75334

198

Air
Yavelength

6561.12449
6561,08221
6561.06616
6560,98678
6560,96724,
65€0,94020
6560,92496
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Iable Ill.
‘ 4 R Trium’i‘:‘ m-m
. Vacuum Vacuum My Air
Transition Have Number Ravelensth Yaye Nupbey Kevelength -
2 o '
Sya- ’ga 15238,4588  6562,34343  15242,66819  6560,53118
° »
Daja="Tafy  1523855m 662,014  15242.76642 656042890
DZ; --':Pa . 152385031 6562.28539  15242.80253 656047335
2 ‘ o | -
} B/l h s,l & 1523807786 65620&571 15242098808 65&0”%
{% S = [ 15236.8240  6562,18616  15243.033%0 656037395
X | |
PB‘ 2. "S: 2  15238,8868 6562,15912 15243,09631 6560,34692
2 ‘ . -2 -3
D p—Piju 123922 eseuzm 15231317 6560.33167
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Iable IV

Spacing Relative to Ho\, and
Relative Intensities of Hg) and D,

Coaponent  (AC vae) (=AA yao)  Intensities
: 0 0 24
B 0982 04232 2064
Hy A3 05788 2064
H, 2197 13777 164
B .3651 o15734 19%
H, h2n 218440 26% .
E, 4633 19966 _0e4
Dy 41449 1,73578 2
D 42431  1,82808 20
D, 42792 1.84363 0
D, 4o 4647 1,92353 1
b, 4,5101 1.94308 1
Dy 425729 1,97013 2
D, 406083 1,98537 10

Intensities derived from formilas in Pauling and Goudsmit, .
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The relatiw intensities are derived from
hunsity rules given in Pauling and Goudsmit "Structure of Line Speo-
tra%, Hlthough they are proportional to 6%, this factor is essentially
constant over this very narrow structure, '

Table V summarizes the sams information for HF , DS , and Tg .
Yor both GA and /3  the structure is identical between H, D, and T. In
addition to this "fine structure® there is the "nuclear hyperfine structure®,
which, however, is negligible, being a maximum of 0015 cn’l,

The Doppler troadening is most readily obtained from a foz;wla
given in Tolansky's "High Resolution Spectroscopy”.

@%’L‘-_. -0.71::10'6‘\Fr’/;4

o
T = absolute temperature

M T etomic mass (on scale H= 1) - (22)

l‘lﬂ- 1 HD: 2;1IT- 3

Co = 15,233 om (B )

g (A6)yH (AN 4=H
300°K o.19=:¢',»,\.‘:l\,«xz;"3*% 0.0822  ForD :
| o miltiply by

5009K 0242, - 0,104 | 1,414
1060°K 0.342 | 94147
1500°K 0.42 _ 0.180

For o\ ¢ (&4 & )3/2 = 0.008 \/'f‘ .,‘1,

The structure of H{ and HZ on a linear wavelength scale is shown in
Figures 12 and 13, . The heights are drawn proportional to the intensities
and the Doppler widths are shown by hordzontal 1lines,
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I . " Tabla V.
. Hp Be He e 18
popent  Irsmsition Vac. Veve No. Yaou Wavelongth =AAves =AM we =sAvec
3 270 '
S ')a“)fgz. 20, 564. 5669 486273309 0 1,32267  1,76268
) o .
D7z—> o e08s 472385 0098,  1,33251 177252
QDJ/ré;B/; 06237 271966 001343 - 1.,33610  1,77611
2nd o - _
E[ -4 -)39 I/L . 8926 065&7 . <0702 10”969 1. 839'm
o o .
&81;*-;? 2 9320 064676 ) 008633 : 1-40900 10810%1
o .
Bf—?zg ’)‘ ) 09382 . 064529 08780 | 1.41047 1.8%48
-]

¢D_?/;_;’P,/, © L9736 63692 09617 LAlen. 185885
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For any remponable Doppler half width, all seven components of
these lines will not be resolved, btut there will be resolved two broad lines
with widths of the order of half their spacing and relative intensities
52 and 14, ‘lho:,cmte; of gravity of these two groups was cvalmudem:._
 actly, the stronger group conteining three 1inea', the weuinor four 1lines,
The stronger has a center of gravity at (0497 angstroms and the weaker at
«1902 angstroms, both measurad from the original position of. Hl, the com-
poment of the lowest wave mumber. The spacing from H to D is 1.7857
angstrons, so that ' |

A) = 105 = ,0787 . (23)

AN (H=-D) 1,7858 :
The reductipn of the seven component calculations into ealcﬂlaﬁona 1nvoly-'

ing only two will be much eae:lgr, and, as will be evident from the type of

offot;t produced, will not g'eaﬁy glter the final result, This is pare
ticularly true because of the Doppler biroadoning and because four of the
lines are very week compared to the other three, and tlo of the atx"png ones
are almost superposed. ' |

In the Sage method analyzer, the retardation J of the thick
birefringent lates i chosen so that |

-0 =71 . .
UH D % = 90 degrees (24)

" On the single monochromatic theory, in other words, they.are polearized at
right angles to each other. 1In the more rigorous snalysis, the two com-
ponents of H, denoted bty A and B, will be plane polarized, but at an angléo

&4 - ‘66 - .07973; w 7,08 a.ﬂém: (25)
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. Thus with both H and D light, we have light of four monochron=
atic components incident on the polarization enalyzer, The actual lr-
rangement’ of polarizers and ADP and mica retardation plates was shown
in Figure 5,

| The sets ADP-UeADP act as a single plate of retardationy .
Since § 1s a function of wavelength, we have the following four values
of ¥ and intensity at the wavelengths of the four components: '

’101" S52H : al =€) f, = 1.48 degrees '(26)
- Igp = 14H % a€s - %, = 5,60 degrees .
~ . .10(3.' 52D . , '33 =%-{0 ' é:é,‘r(‘;_" 7508 dgrees
Tos, = 240 By =Dz |

'G“md {w’ have been éhosan so that the center of iragity of the first

>
two components is at zero and the last two 1s at 90 degrees.

&

Equation (14) is now replaced by
Is é I 00.32 (UK-P. ) 0062 (6‘( —Wt) . (27)'
L K=o ok
for the total light intensity transmitted by al'L four wavelengths,
This appears complex, but if we consider only the first two components

D+ .52 ec:a2 (fH' €,) cos® (Wtr€) ) + 1 eosz(.dfv"@
s Gt g s (Wt ~€,), | (28)

which can be resolved into a D.C. component and two sinusoidal components of
different amplitude and phase, |




v

)

This is plotted in Figure 14, Similarly, for I

Baird Associates, Inc. '

L ; ) - 26 cos® (R +€,) + 7 cos® (pr —€2)
+ 26 cos® (1)) cos. (2ut+a€; ) (29)
+ 7 c032 (p, ..-é’)wo (rwt-2€,)

¥e note that 'O' is the angle of the ‘calibraud polarizer on the grad-
uated circle in the measuring system. We now ask what is the amplitude
of the A.C, signal generated by the spinning polarizer and conaider only
the czmrfrbtaition of I;, and how does this amplitude vary with the position
of p' of the cali;br;tad polarizer,

‘11‘ o "F cos” (pi +€ )
, the amplitude is 7 coe?

("e, ~€a.). " These two AC. signals are out of phase on the O, axis,
that is, they reach maxira or minima i'or. different settings of F: .
‘mrther‘, they have a phase difference 2(¢, +€, ) on the time axis, tha’
is, they are electrically out of phase, But they may still be added
with regard to phases to give a rasultant whose amplitude is indicated
achematiegusr by the dotted line on Figure 14. N

This simplé ‘picture can be repeated for I_ and I,. The two

3 4
components ar_xd their resultant now ere proportional to D, while I + 12

" is proportional to H, Identical curves are obtained except displaced

exactly 90 degrees on the e, axis and 180° in the electrical time axis,
‘Figure 15 shows how T + L, are combined with I3 + L.

Sines they are exactly 180® out of phase the met signal in the As Co de=

tector is the difference, and the four points.of inters®ction are angles

of setting for the calibrateé polarizer for which a2 null is found. These

i@ea of course depend on the ratio of D to H and the value of the inter- '

s.eetioh angle veplaces the simple equation for the monochromatic theory:
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Dfy ™ '*‘“zf ! .

Figure 16, curve G, is an accurate enlarged plot of the final ‘
result for I; + I, versus P! for the a‘l".ronger component of the gas mix-
ture, assumed to be H, The extinction point on the 6,« polarizer scale
for the two individual fine structure components is indicated. The scale
is so chosen that ﬂ = O at the center of gravity of these components.
If there were no structure,€, = ¢,= O , and the simple theory would give
curve G'. The amplitude of I, + 1, depends on the concentration of deu-
terium and is plotted for D = 001, ,002, ,005. The intersection points
ard the angles for which null balance is obtained, The quantity dI,,/e|

which is of interest in computing the contribution &f electronic nb:leo to

" the error of measuremsnt, is readily found from the slope of curve G,

The final effect of the fine structure on the calibration and
cen ths accuracy of the method can now be discussed. As stated above, the
' D
intersection curve of 13 + 14 with G as & function /H replaces equation

"(6) as the calibration curve, The most important effect is that below

about D = 0025, there is no null balance at all, and further; the polarigzer
angle ‘;4 for minimum A.C. aignal is independent of conoentration, ‘Heno. D/n
values less than ,0025 cannot be determined at all.

On.the basis of the simple moncghromatic thoory we have given
fCAuation (7)3*%/_2&_ _ *C?C- 29 Aol N
as the relative error due to an angular setting error A{), o Now for the
rigorous inclusion of f;ne atructuie e ffecta we noty that ourve G is .the
a0t as Gl » but displé'eod vertically, This neans that in all respects the
conplete two-component theory predicts the same relatiim error at gonoon-'
tration D/ H that the one-compoment theory would have predicted at con=
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centration (D fa ~:0025), But we have obtained an ana]ytical expression
for the simple onc-ct‘i}nponont theory, namely equation (7).

:l'abln V;I and Figure 17 shows the relative error prediocted as
e function oi"'D/H and as a finction of the soufce of error, the expected
angular error in setting of the) polai-imp o In the next section w:lll'
be discussed the effect of tamperature and flatness fluctuations in lead-
ing to am uncertainty of setting.
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RELATIVE

AR

ERROR D) - of

Zahle VA

/H Analyzer versus D/H and

T ty in ANGULAR SETTING
F/ H ul.glo cogfot- 4oge | Delati 4
theory ed 20 .001 2005 | 01
R gl 229 227
D-.0025 | varies | 0 |

005 | 4940 20521 10,0 4.0 2 40

01 | 5%20 | 49550 5,86 23 | 17| 23

02 | &4 | P 3.83 1.53 7.6 | 15
05 | 12%6 | 12°00 | 2043 97 | 48| 9.7
a0 |1 | 1 | 176 0 3.5 | 7.0
20 | 26°37 | 269301 1.25 o0 | 25| 5.0
250 | 35%6% | 35%6! 1.20 ol 2,2 | 4od
1,00 | 45° 45° 1.00 o0 2,0 | 40
folum 1] 2 | 3 % s 6 7
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Vi,

In the last section mathematical results have been presented
for the expected relative error of measurement ags s function of the .
uncertainty A el in angular setting, Now we must inquire about the
magnitude of this uncertainty resulting from various sourcee of error
in the instrument. Three of these will be principally consiaei'ed:
1. The'uncertainty resulting from ﬁze prec;[sion,' or lack of it,
in the construction of the calibrated circle, including
the scale reading error. '
2, The flatness of the thick retardation plates, |
. 3. The fluctuations in temperature and the temperature
| gradients in the apparatus.
The calibrated circle which we used 1s shomn in Figure 9,
It originally was gxtracted from an old Xeray goriiometer. It has a‘
vernier scale and reads to 0.1 degrees-without a megnifier and without
difficulty. 0. C.Rslolph and Sons make polarimeters and other precision .
optical apparatus containing circles accurate to abot;.t .01 degrees,
Optical polishing of crystalline plates is e highly developed
art, but even with the very best "hakd figuring" techniques there will
st1ll be minute fluctuations in flatness and hence thickness T across the ’
surface of a cﬁystalliné reterdation plate,
Since the retardation ¥ appears in terms of the form cos™ (¥ - ),
a fluctuation 48 in phase retardation will introduce an error in angular‘
settingQQs =40 . By equation (15) | |
] =’7_12’£\{'£ | o | (15)
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Therefore ‘
Ae (£latness) = AY = ‘f‘l’ At - I&A{ (30)
It is customary to specify the flatness to vhich a plate can be polished
in erms of the "number of interference fringes", Th;'xs is a result of the
use of interference fringes in the observation of the flatness of plates,
IA{ 15 the departure in flatness infringes |
A, 4Af =4t (31)
The birefringence .« and the thickness Z of the crystal plate
" will be functions of the temperature T . If the temperature fluctuates or
there are gradients in the plates, errors in angular setting will be intro-
duoced which can bs calculated by differenuating (15). . | |
© e (temp) =80 ST Ll e H)AT (2
o The tolerance on flatneas,and temperature control for ADP, quari;.z,
end calcite will now be considered. The linear expansion coefficientcd is

defined by
g:.?";: = Kt
‘Some crystal constants for plates having a total thickness of 181.0 waves
of retardation are

| o e ‘
HKrd 9/%’7' g, (em) %‘)/ﬂ’%@ ‘

caleite 5.6 27 | 1xw?| om | 0w | oz
ADP 35 045 | 2,7 6.0 0,070

It appears that ADP requires the highest degree of temperature
control, calcite the lesst. Calcite, on the other hand, re‘quiréa the
@‘ . highest degree of flatness, quarts the lesast. In considering flatuess,
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) it must be recognized that ADP cannot' be polished to the same high degree.

of flatness that quartz or celcite can, because of the temperature wipan-
sion, brittleness, and other undesirablé mechanical properties of ADP,
Quartz and calcite can probably be polished to about 1/30 waves by a
few excellent optical "surfaoe workers in the world, while cne or two
people claim to do work to about 1/75 fringe, ADP is done by Frank Cooke
for Baird Associates by machine methods (which are in ﬂlemselvé,s, of course,
less precise than hand figuring) to a flatness of about 1/2 fringe,

It is interesting to &;fb:ek the tolerance equations both ways..
It would be nice, for example, if we could achieve the accuracy indica:tod
by eolumn 6 of Table VII (A @ =005 rad =0,29 deg.). What flatness
and temperature control would this require in ADP, celcite, and quartz?

ADP 1/10 fringe ,000e%
calcite . 1/35 fringe , 0%
quarts 1/3 fringe ,007°%

The other approach is to consider what seems reasonable to achieve in
practice. Tmperature control to 001‘00. requires good equipmept,A but

15 not too hard to do, As siated above, ADP to 1/2 fringe and calcite
and quartz to 1/30 fringe is about what may be expected. What ﬁen is
tﬁe 1limiting accuracyA'P to be expected for the three materials and what
is the limit for each based on temperature or flatness? o

| Tempepatupe Flatness
ADP i A P -,oo& rado 0035 rad.‘
caleite 0037 010 '
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There 1s one further difficulty with quartz, the amount which is

 vequired.  About 26 centimeters of quarts will be required in.the entire
| instrument, or fowr idon"tioal plates 6,5 centimeters thick, This amount

of good high quality optical crystal quarts would be very difficult to find,
and expensive,

The conclusion is that for the polarizatioy interference type
of HeD enalyzer, calcite is the most desirable material from which to make
the plates. | | |
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VIII. Conclusiors and Further Work
Further consideration is being made on the tolerances in azimuth

and normel incidence alignment in the ssveral plates of the ADP 1ntor‘reromwo
The assenbly and testing of the apparatus shown in Figures 6, 7, and 8 1s
approaching completion, It appears that the ADP interferometer method, ar
better yet with calcite pl‘atea, will have usefulness 7ur an isotope analysis
situation ocontaining only two almost monochromatic lines to be analymed with
only moderate accuracy required,

With regard to iaotopic’ apalysis with higher accuracy, work haa.
already started <.. t..he eveluation of the air spaced F bry-Perot interferometer
as the dispersing means. Its principal limitation is the “contrast" which
can be achieved. This can be greatly improved by the use of multilayer
reflector techniques, ‘which havs already been applied in e few laboratories
doing work with the Fabry-Porot ir.itrument. One of the most pramising ideas
with retpect to the use of this instrument consists of tuning through the H -
and D fringes by -enclosing the instrument in an airtight jacket and varying
the air pressure, hence itz index of refraction. |

| Some preliminary calculatlons haws irdlcstad al\so thaft. a polished
quartz plate might be used for the spacer layer of & 'Fat;rybP_arot interferometer, .

_and that the required tolerances sre within resson, Quarts, having a definite

birefringence and polishable to a prescribved thickmss, and having practically
no absorption, avoids almost all the difficulties reporied in this report that
afflicted the mica spaced: liatry-Rexdds

Detailed discussions of these devioes will be reserved for a
later report, ’



